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Abstract 

We update the experimental constraints on the parameters of the Higgs effective 
Lagrangian. We combine the most recent LHC Higgs data in all available search 
channels with electroweak precision observables from SLC, LEP-1, LEP-2, and the 
Tevatron. Overall, the data are perfectly consistent with the 126 GeV particle being 
the Standard Model Higgs boson. The Higgs coupling to W and Z bosons relative to 
the Standard Model one is constrained in the range [0.98, 1.08] at 95% confidence level, 
independently of the values of other Higgs couplings. Higher-order Higgs couplings to 
electroweak gauge bosons are also well constrained by a combination of LHC Higgs 
data and electroweak precision tests. 



1 Introduction 



The existence of a boson with a mass around = 126 GeV is firmly established [1]. The 
focus now is on determining the properties of the new particle, in particular its couplings to 
the Standard Model (SM) matter. If new physics beyond the SM plays a role in electroweak 
(EW) symmetry breaking, then Higgs couplings may be modified in an observable way. So 
far, the measured couplings of the new particle are consistent with those of the SM Higgs 
boson; nevertheless, the current experimental precision leaves ample room for new physics. 

A general framework to study potential deviations of Higgs couplings from the SM is 
that of an effective theory. The basic assumption behind this approach is that new degrees 
of freedom coupled to the Higgs are heavy enough such that their effects can be described 
by means of local operators involving the SM fields only. These operators can be organized 
into a formal derivative expansion, according to the relevance for Higgs observables: the 
leading order (LO) operators with no derivatives, the next-to-leading order (NLO) operators 
suppressed by two derivatives, and so on. Previous studies along these lines have shown 
that the coefficients of the leading operators in this expansion can already be meaningfully 
constrained [2, 3]. 

The purpose of this paper is two-fold. One is to update the constraints on the effective 
theory parameters using the most recent Higgs data from the LHC [4]-[16]. The other is to 
point out that not only the LO but also some NLO operators in the effective theory can be 
meaningfully constrained using the existing data. This can be achieved by combining the 
LHC Higgs data and EW precision constraints. In this paper we concentrate on the class of 
models that are favored by EW precision data and study the constraints from SLC, LEP-1, 
LEP-2 and W mass measurement on the Higgs couplings, including the very recent update 
of the fermionic cross section measurements at LEP-2 [17]. We will argue that Higgs and 
electroweak data taken together impose strong bounds on the coefficients of the LO and 
NLO operators coupling the Higgs boson to the SM gauge bosons. 

The paper is organized as follows. In Sec. 2 we introduce a general Higgs low-energy effec- 
tive Lagrangian, subject only to minimal assumptions about flavor and some EW precision 
constraints. In Sec. 3 we further discuss the bounds on the parameters of our Lagrangian 
from electroweak precision tests; to this end we perform a comprehensive and up-to-date 
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fit to the EW observables. In Sec. 4 we summarize the dependence of Higgs physics ob- 
servables on the parameters of the effective Lagrangian. In Sec. 5 we present combined fits 
to the parameters of our effective Lagrangian from the latest Higgs data, combined with 
EW precision measurements. Conclusions follow in Sec. 6, while in Appendix A we discuss 
the theoretical basis of the effective Lagrangian used in our phenomenological analysis and 
Appendix B gives a summary of the EW oblique parameters. 

2 Effective Theory 

A general and convenient framework for interpreting the experimental Higgs data is that of 
effective field theories. 1 The starting assumption is that there are no new light degrees of 
freedom, other than those of the SM, with significant couplings to the Higgs. This allows one 
to write down the Higgs interaction Lagrangian using the SM degrees of freedom only. The 
effects of integrating out new physics are encoded in deviations of the LO Higgs couplings 
from their SM values, and in appearance of NLO (non-renormalizable) Higgs interactions 
with matter. The effective Lagrangian is organized as a double expansion: in powers of the 
Higgs boson field h, and in the number of derivatives. Since only single Higgs interactions 
are currently probed, here we ignore all terms of order h 2 and higher (as we will argue later, 
the effect of order-/z 2 terms on the EW precision parameters can also be neglected in our 
analysis). Thus our effective Lagrangian is organized into a derivative expansion 

Aiiggs = £(o) + £(2) + • • • ( 2 -!) 

where each term contains a single power of h, the LO term has no derivatives acting on 

the fields, the NLO term has two derivative acting on the fields, and so on. According to 

the effective theory philosophy, the Lagrangian contains an infinite number of terms and 

couplings, but only a finite number of terms, at lowest orders in the derivative expansion, 

is relevant at a given precision level. Given the current experimental precision, stopping at 

the 2-derivative level is fully adequate. 

1 The effective theory approach to Higgs physics has been pursued before in countless papers, both in the 
pre-Higgs era (see e.g. [18, 19]) as well as in the context of the 126 GeV Higgs at the LHC (see e.g. [20]); 
the discussion of NLO Higgs couplings to EW gauge bosons is however new of this work (see also Ref. [21]). 
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In complete generality, we don't assume that the scalar h originates, as in the SM, from 
a fundamental SU{2) L doublet scalar field. Our description equally applies if h descends 
from different representations under the electroweak gauge group (singlet, triplets, etc. ), or 
is not fundamental (composite Higgs, dilaton, etc.). Nevertheless, with only a slight abuse 
of language, we shall refer to it as a Higgs boson. 

In this paper we assume that: 

• Near 126 GeV there is a unique Higgs boson who is a color-singlet neutral scalar with 
positive parity. 

• This Higgs has naturally no flavor violating interactions with the SM fermions. 

• Higgs interactions obey custodial symmetry under which h is a singlet. 
With these assumptions, the lowest-order interaction Lagrangian takes the form: 

h 



C 



(o) = - 

V 



c v (2m 2 w WlW^ + m 2 z Z,Z^-c t ^ m f ff-c b ^ m f ff-c T ]T m f ff 

f=u,c,t f=d,s,b f=e,fi,r 

(2.2) 

As a consequence of custodial symmetry, only one parameter cy controls the LO couplings to 
both W and Z bosons; relaxing this would lead to quadratically divergent corrections to the 
T parameter, and thus any departure from custodial symmetry is severely constrained at the 
level of 1%, barring large fine-tuned cancellations. Furthermore, while we allow the couplings 
to up-type quarks, down-type quarks, and leptons to be independent, we assume that within 
each of these classes the coupling ratios are equal to the fermion mass ratio. Relaxing this 
would generically lead to flavor-changing Higgs interactions in the mass eigenstate basis, 
which are very constrained unless some underlying flavor principle is at work to suppress 
these dangerous effects. 

At the NLO in the derivative expansion we include 

£ (2) = - A [2c ww Wl v W^ + czzZ^Z^ + 2c Zl A, u Z^ + c^A^A"" - c gg G%G a ^] , 

(2.3) 

where custodial symmetry imposes two further restrictions on the couplings (see Appendix A), 

2 2 

■ 9l 9l ~ 9y /r, A \ 

C\VW — c 77 H C Z7 > C ZZ — C 77 H C£ 7 , 

9y 9l9y 



with gi, gy the SU(2)l X U(l)y gauge couplings in the SM. Unlike in Eq. (2.2), the terms in 
Eq. (2.3) are not the most general interactions terms at the 2-derivative level. Indeed, terms 
of the form hZ^d v V^ u or h d u Z^d^Z v are omitted because they lead, even after imposing cus- 
todial symmetry, to quadratic divergences in the S parameter. A more extensive discussion 
of all possible interactions, their expected size and phenomenological restrictions is given in 
Appendix A; notice in particular that in the majority of theories the coefficients of Eq. (2.3) 
are expected to arise only at the loop level. Furthermore, the NLO Higgs interactions with 
fermions are neglected, because the current data barely constrains the LO fermionic inter- 
actions. The SM corresponds to the limit where c gg = c 77 = c^ 7 = in Eq. (2.3), while 
cy = Q = Cb = c T = 1 in Eq. (2.2). 

Thus, a combination of reasonable assumptions, effective theory arguments, and phe- 
nomenological constraints leads us to the effective Higgs interaction Lagrangian with only 7 
free parameters: 

) ^t) ^Vj ^ggi C775 ^-z^- (^"^) 

In the remainder of this paper we discuss how data constrains these parameters. 



3 Electroweak Precision Tests 

It is well known that electroweak precision observables are sensitive to the mass and couplings 
of the Higgs boson. At the technical level, the largest effect enters via 1-loop contributions to 
the 2-point functions of the electroweak gauge bosons, the so-called oblique corrections. Once 
the single Higgs couplings deviate from the SM, the sum of the Higgs and pure gauge con- 
tributions to precision observables becomes divergent. Indeed, as discussed in Appendix A, 
custodial breaking parameters such clS 

(and at NLO couplings such as hZ p d v V llv ) 
would give too large a contribution to the EW precision parameters and have been neglected 
in our Lagrangian Eq. (2.2) and Eq. (2.3). Furthermore we assume that other contributions 
to the electroweak precision parameters, such as tree-level effects or loop effects involving 
only gauge bosons, are negligible (the presence of such contributions would weaken the con- 
nection between EW precision tests and LHC data that we assume here). Therefore, in 
our Lagrangian, the divergences are only logarithmic, thanks to custodial symmetry and 
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forbidding this class of operators. As for the possible h 2 interactions with the gauge bosons 
(which we ignore in this paper), we argue here that in a natural situation they do not play a 
role. Effective operators involving two Higgs bosons of the type tfV^V^, or h 2 V ill ,V flv give a 
contribution to the gauge bosons two-point functions that is always proportional to the com- 
bination A 2 — m 2 h log(A 2 /m 2 ). Therefore, imposing the cancellation of quadratic divergences 
always cancels the logarithmic terms as well. Effective operators of the type h{d^h)V^ do 
not give any contribution at all. Thus, barring an unnatural situation with quadratically 
divergent contributions to precision observables, it is enough to consider the electroweak 
constraint on the parameters Cy, c 77 , c^ 7 in our effective Lagrangian. 

It is instructive to view the 1-loop Higgs contributions to the oblique parameters S, T, 
W, Y defined in [22] 2 . 

aT ra U ^ _ x) log(A/m ^ ' 

aS ~ 487^1 + g 2 Y ) { 29l9y (- 1 ~ + 6cy [ 2 9l9yc^ + c Zl {g 2 L - g\ 
+3 [#L#y(4 7 - c 2 7 ) - (gl - gl)c 77 c Zl ] } log(A/m z ) , 

2 / \ 2 

aW ~ life* (° 77 + g^ Cz y lo s(A/m z ), 
91 ( 9y 



aY ~ ^ ~ t Cz v log(A/mz) ' (3 - 1} 

where we have omitted finite contributions in the leading-log approximation (see Ref. [23] 
where these contributions, including large tree-level effects, have been computed in an explicit 
model using Weinberg sum rules). These oblique parameters are constrained by electroweak 
precision data to be small at the level of 0.1 — 0.2. For the cut-off scale on the order of a 
TeV this translates into similar constraints on the effective theory parameters. Since S, T, 
W, Y are separately constrained, Eq. (3.1) makes it clear that one can separately constrain 
each of the three couplings cy, c 77 , and c Zt 

In Fig. 1 we show two examples of electroweak precision constraints on the parame- 
ters of the effective Lagrangian. 3 We use the data from SLC, LEP-1, LEP-2 and W mass 



2 See Appendix B for the definition and a discussion of these parameters. The more familiar S,T,U 

parametrization is not adequate in our case, since U is not logarithmically enhanced, unlike W and Y. 
3 See also [3, 21] for previous studies of the impact of electroweak precision tests in the context of the 126 

GeV Higgs. 
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Figure 1: Left: x 2 ~ Xmin as a function of cy for a fit to the Higgs (dashed blue), EW (dashed red), and 
combined (solid black) data, after marginalizing over the remaining parameters of the effective theory. The 
orange and purple lines visualize the 68% and 95% CL range of cy. Right: Fit of c 77 and cz 7 to EW data 
when cy is fixed to the SM value. The 68% (darker green) and 95% CL (lighter green) allowed regions are 
displayed. In both plots A = 3 TeV. 

measurements summarized in Table 1. For the cutoff scale A = 3 TeV we find 

c v = 1.08 ± 0.07, c 77 = 0.10 ±0.04, c Zl = -0.04 ± 0.06. (3.2) 

The limit on the LO coupling cy are driven by the limits on the T-parameter, and the 95% 
CL allowed range is cy G [0.95, 1.21]. In other words, the couplings of the 125 GeV particle 
to the W and Z boson lie within 20% of those of the SM Higgs, independently of possible 
inclusion of higher order Higgs couplings, over which we have marginalized. These limits 
are logarithmically sensitive to the cutoff: for the 95% CL range we obtain cy G [0.92, 1.30] 
for A = 1 TeV, and cy G [0.96,1.16] for A = 10 TeV. The NLO couplings c 77 and c^ 7 are 
generically constrained at the level of 0.1 as well, but for c 77 ~ — c^ 7 these two coupling 
are allowed to take 0(1) values. We will see in the following that LHC Higgs data impose 
a much stronger bound on c 77 , while the electroweak constraints on c^ 7 are competitive to 
those from the LHC. 
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Observable 


Experimental value 


SM prediction 


Description 


m w [GeV] 


80.385 ± 0.015 


80.3602 


pole W mass 


sin 2 e l eff 


0.23116 ± 0.00023 


0.231516 


effective weak mixing angle at Z peak 


T z [GeV] 


2.4952 ± 0.0023 


2.49531 


total Z width 


(?had [nb] 


41.540 ±0.037 


41.4778 


total hadronic cross-section at Z peak 


Ri 


20.767 ±0.025 


20.7408 


T(Z -> qq)/T(Z -> l+l~) at Z peak 


A™ 


0.0171 ±0.0010 


0.0162 


l + l~ forward-backward asym. at Z peak 


Rb 


0.21629 ± 0.00066 


0.21474 


T(Z -> bb)/T(Z ->■ qq) at Z peak 


R c 


0.1721 ±0.0030 


0.1724 


T(Z — > cc)/T(Z — > qq) at Z peak 


A™ 


0.0992 ±0.0016 


0.1032 


bb forward-backward asym. at Z peak 


AP 


0.0707 ±0.0035 


0.073 


cc forward-backward asym. at Z peak 


A b 


0.923 ± 0.020 


0.935 


bb polarization asymmetry at Z peak 


A c 


0.670 ± 0.027 


0.667 


cc polarization asymmetry at Z peak 




Table 3.4 Ref.[17] 


[28] 


total fi + fi~ cross-section at LEP-2 


0~(t + t~) 


Table 3.4 Ref.[17] 


[28] 


total t + t~ cross-section at LEP-2 




Table 3.4 Ref.[17] 


[28] 


total hadronic cross-section at LEP-2 


A FB (/j, + fT) 


Table 3.4 Ref.[17] 


[28] 


forward-backward asym. at LEP-2 


A FB (r + r-) 


Table 3.4 Ref.[17] 


[28] 


t + t~ forward-backward asym. at LEP-2 


Rb 


Table 8.9 Ref.[26] 


[28] 


a(e + e- bb)/a(e + e- -»■ gg) at LEP-2 


R c 


Table 8.10 Ref.[26] 


[28] 


a(e + e~ -> cc)/o-(e + e" ->■ gg) at LEP-2 


Abb 

^FB 


Table 8.9 Ref.[26] 


[28] 


66 forward-backward asym. at LEP-2 


ACC 

^FB 


Table 8.10 Ref.[26] 


[28] 


cc forward-backward asym. at LEP-2 


dcr(e + e~ — ¥e + e~ ) 
dcosS 


Tables 3.8/9 Ref.[17] 


[29] 


differential e + e~ cross-section at LEP-2 



Table 1: EW precision data included in our fit. For the experimental values and errors we used Ref. [24] 
for the W mass, Ref. [25] for the Z-pole observables from SLC and LEP-1, Ref. [26] for heavy flavor ob- 
servables in LEP-2, and Ref. [17] for the remaining LEP-2 observables. To obtain the SM predictions we 
used Gfitter for the W mass and Z-pole observables [27], and ZFITTER [28] for LEP-2 observables except 
for the e + e~ — > e + e~ differential cross section for which we used BHWIDE [29]. The input parameters are 
m z = 91.1875 GeV, e = 0.3028, v = 246.221 GeV, m h = 126 GeV, m t = 173.2 GeV. 
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4 Higgs Rates 



In this section we summarize how the LHC Higgs observables depend on the parameters of 
our effective Lagrangian. As customary, we present the results in the form of rates in various 
channels relative to the SM ones. 



4.1 Decay 

The widths for fermionic decays mediated by the LO couplings Eq. (2.2) are given by 



^ CC rvj I I 2 ^ ~ I I 2 ^TT ^ I |2 '111 

pSM — l Ci l ' fSM — \ Cb \ ' pSM — l Cr l • 1 



bb 

For decays into gluons, 77, and Zj there are two types of contributions that enter the decay 
amplitude at the same order in the effective theory counting: the one-loop contributions 
proportional to the couplings Cj of the LO Lagrangian (2.2), and the tree-level contributions 
proportional to the couplings Cjj in the NLO Lagrangian (2.3). For = 126 GeV one finds: 

c 99 = c g9 + 10" 2 [1.28 c t - (0.07 - 0.1 z) c b ] , |c 99iS m| ^ 0.012, 

c 77 = c 77 + 10~ 2 (0.97 c y - 0.21 c t ) , |c 77iSM | ^ 0.0076, 

c Zy = c Zl + 10- 2 (1.49 c v - 0.09 c t ) , |c Z7iSM | * 0.014. (4.2) 

Notice that we neglect the NLO couplings in loop diagrams, as these are formally higher- 
order contributions. 

The decay amplitudes for the processes h — > Al and h — > 2l2v via intermediate ZZ 
and WW pairs (with one or two gauge bosons off-shell) receives a leading contribution 
proportional to the LO coupling cy, and a sub leading one proportional to czz and cww- 
Integrating the amplitude squared over the 4-body final state phase space we obtain 

SM - ~ c v + 0.36 cyc Zl + 0.26 cyc 77 + 0.05 c| 7 + 0.07 c Z7 c 77 + 0.02 c 2 7 , 
' 11 n - 2 ' 2 ' c \ + 0.73c v c Zj + 0.38cyc 77 + 0.19c| 7 + 0.20c Z7 c 77 + 0.05c 2 r (4.3) 



r 

L 99 _ 


Ic I 2 


rSM ~~ 

99 


|c 99 ,sm| 2 ' 


r 

1 77 _ 


|C 77 | 2 


"PSM ~~ 

77 


1^ 12 
|L 77 ,SM| 




|cz 7 | 2 


pSM _ 

l z~ 1 


CZ 7 ,SM 2 



pSM 

1 WW*^2l2v 



Apparently, the contribution from the NLO Higgs couplings to these decays is suppressed 
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by the off-shellness of the intermediate gauge boson(s), thus for c 77 and c^ 7 of natural size 
their effect on the h — > VV* decay widths is expected to be negligible. 4 

Finally, we recall that the branching fraction in a given channel is Br^ = Ta/Yh, where 
the total decay width is now given by 



^fe ^ Tfcfc P J5M , Tee p ^ SM T TT pJgM T W W -p^SM , ^ ZZ* Pv ,SM 



1 h,SM J- bfo J- cc tt 1 WW* 1 

4.2 Production Cross Sections 

Given the current experimental data, the important partonic processes for Higgs production, 
and their relative cross sections in terms of the effective theory parameters are the following. 

• Gluon fusion (ggH), gg — » /i+jets: 

12 



a 99H _ \C 



_SM — I A 12' 

VggH l C 9,SM| 



(4.5) 



Vector boson fusion (VBF), qq — > hqq+jets: 

&V BF 9 2 2 

SM ~ c v + 0.6 cycz 7 + 0.3 cyc 77 + 3.4 c Z7 + 1.5 c 77 + 3.5 c^ 7 c 77 . (4.6) 

a VBF 

Vector boson associated production (VH), qq — > hV+jets, where V = W, Z, 



SM — C V 



a WH 



7.0 cyc^ 7 — 3.6 cyc 77 + 20.4 c Zl + 5.5 c 77 + 21.2 c^ 7 c 77 , 



~ Cy - 5.7 c v c Zj - 3.4 cyc 77 + 14.9 c| 7 + 4.3 c 77 + 15.0 c Z7 c 77 . (4.7) 



(T 



ZH 



Top pair associated production (ttH), gg — >• /itt+jets: 



- <?■ (4-8) 



(7 



ttH 



For VBF and VH the relative cross sections are given for LHC at yfs = 8 TeV; at 7 TeV the 
coefficients differ by up to 3%. Furthermore, for the VBF production channel, the relative 



4 Moreover, since the experimental cuts are tailored for SM-like Higgs coupling, the efficiency of detecting 
the leptonic final state may be smaller when higher-order Higgs couplings dominate the amplitude. We don't 
take into account this effect. 
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cross section depends on the cuts on the final states jets; we used rrijj > 400 GeV, \r)j\ < 4.5, 
Arjjj > 2.8. Much as for the h — > VV* decays, large effects from the NLO parameters on 
the VBF production rate are unlikely. For the VH production channel, on the other hand, 
(9(1) corrections are possible even for cy — 1 and reasonable values of c 77 and c^ 7 . Notice 
also, from Eq. (4.7), that in the presence of the NLO Higgs interactions, the WH and ZH 
production rates relative to the SM can be different without violating custodial symmetry. 

5 Results and discussion 

In this section we present a fully up-to-date fit to the parameters of the Higgs effective 
Lagrangian. We combine the available Higgs results summarized in Table 2 and EW precision 
observables from Table 1. Throughout this section we assume A = 3 TeV to estimate the 
logarithmically divergent Higgs contributions to oblique parameters. 

5.1 7- parameter fit 

We begin with an unconstrained fit to all seven parameters of the effective Lagrangian. We 
find 

c v = 1.04 ± 0.03, c t = l.li^o c b = 1.06ijj:jjg, c r = 1-04 ± 0.22 
c gg = -0.002 ± 0.036, c 77 = 0.0011+°;°°^, c Z7 = 0.000±g;g|§ . (5.1) 

When quoting la errors above we ignored other isolated minima away from the SM point 
where a large NLO coupling conspires with the SM loops to produce a small shift of the 
Higgs observables. We find Xsm — Xmm = 4-2 which means that the SM gives a perfect fit 
to the Higgs and EW data. The previous small discrepancy due to the enhanced h —> 77 
rate observed by the ATLAS and CMS goes away after including the latest CMS update 
in the diphoton channel. Remarkably, the current data already puts meaningful limits on 
all the parameters. The only important degeneracy is that between c gg and c t : only one 
linear combination of these two is constrained by stringent limits on the gluon fusion Higgs 
production, while direct constraints on c% from searches of the tt associated Higgs production 
are currently weak. Note that the global fit shows a strong preference for q, 7^ even though 



10 



CMS 




Category 




Ref. 


77 


VBF+VH/ggF 


n 77 +0.29 
u - ' ' -0.26 


[4] 




o/ij 


pi 70+O.22 
u - ' °-0.20 




WW 


VBF 
VH 


-n ns +0 - 75 

u - di -0.94 


[8] 


zz 


untag. 
dijet 


n 86 +0 - 32 

u.ou_ 26 
1 24 +o.85 


[5] 


z 1 


incl. 


-1 8 +5 - 6 


[9] 




o/ij 


n 77+O.58 
u - ' '-0.55 




TT 


VBF 
VH 


1.42™ 
0.98±l;ie 


[7] 




ZH(l+l~) 


1 rn+1.20 

i -' JZ -1.082 




bb 


ZH(vv) 


1 -e+1.12 
x - '°-1.00 


[30] 


WE 


n 64 +a92 

u - u ^-0.88 






ttH 


-0.15+11 


[8] 



77 



WW 



ZZ 



z 1 



TT 



bb 



ATLAS 



Category 

UnCe, low prt 
UnCe, high p Tt 

UnRe, low pTt 
UnRe, high pxt 

CoCe, low prt 
CoCe, high p Tt 

CoRe, low pTt 
CoRe, high pTt 

CoTr 
L2j(high mass) 
T2j (high mass) 

2j (low mass) 

remiss 
11 



VBF+VH/ggF 



incl. 



incl. 



VBF+VH/ggF 



VH 



CO.5liDo.8T_o.TO 
(0.2l 2 ;°)0.96l ;° 5 7 
(2.511; 7 )2.501q;7 2 
(10.4^)2.691^ 
(6.11^)1.391^ 
-4.41^)1.9811;^ 
(2.71^)2.231};^ 
;-1.6l^)1.27lH 
(0.3l^)2.78lli 2 

9 7K+1.78 
z - ' d -1.38 



1 61 +0 - 83 



(2.71^)0.321} 



1.72 
44 



9 Q7+ 2 - 71 

z ' y ' -2.15 

2 69 +L97 

z ' uy -1.66 



1 oc+0.57 
± -° d -0.53 



1 qcr +0.39 
± -° d -0.34 



2.6 



H6.5 
-6.5 



74+ - 76 

U - ' 4 -0.67 



-0 41 + 1 - 02 

u -^ i -1.04 



Table 2: The LHC Higgs data included in our fit [4]- [16], [30]-[32]. The rates are normalized to the SM 
rate; when data for 7 and 8 TeV are separately provided, we write the former in brackets. We also include the 
latest combined Tevatron measurements: /i 77 = 6.2_g'2, fiww = 0.9_p'g, A&fc H — l-62lo' 77 , Att = 2.1_2q 
[33] . For the ATLAS WW and tt and CMS 77 channels we include in our fit the two-dimensional likelihood 
correlations of the signal strengths for the ggF+ttH and VBF+VH production modes. 
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the h —¥ bb decay has not been clearly observed by experiment. The reason is that c& 
dominates the total Higgs width which is indirectly constrained by observing the Higgs 
signal in other decay channels. 

The most important result is that the value of cy is constrained to be very close to 
unity, independently of the value of other LO and NLO Higgs couplings. At 95% CL cy 
is constrained in the range [0.98, 1.08] by a combination of EW and Higgs data, and in the 
range [0.71, 1.25] by Higgs data alone. That means that h is a Higgs boson, in the sense that 
it plays a role in EW symmetry breaking. More rigorously, cy 1 means that h controls the 
high-energy behavior of scattering amplitudes of longitudinally polarized W and Z bosons. 
As is clear from Fig. 1, cy > with enormous statistical significance. 

Regarding the NLO couplings, it must be recalled that these coefficient are expected to 
arise at the loop level and to be suppressed by the SM gauge couplings. With the appropriate 
rescalings (ira s , na and s w ira, see Appendix A), we find that the values above correspond to 
coefficients of a gg, 77 and Z7, of order < 0.3 < 15 and < 6, respectively. It is interesting 
to notice, by comparing Figs. 1 and 2, that the strongest constraints on the c 77 coupling 
already come from the LHC rather than from LEP. 

5.2 Loop New Physics 

We move to a more constrained set-up where the LO couplings in the effective Lagrangian 
Eq. (2.2) are fixed at the SM value, cy = Cf = 1, whereas the NLO couplings c ss ,c 77 ,cz 7 
in Eq. (2.3) are allowed to vary. This assumption is motivated by new physics models that 
affect the Higgs production and decay amplitudes only at 1-loop level. Indeed, new heavy 
particles with SM quantum numbers that get (at least a part of) their masses from EW 
breaking and do not mix with the SM matter will affect the effective Lagrangian in this 
fashion. By playing with quantum numbers and masses of the new particles one can easily 
engineer any set of values for the NLO couplings. 
We find the following best fit values: 

c gg = -0.0007 ± 0.0009, c 77 = 0.0009 ± 0.0008, c Zl = -0.028^;^. (5.2) 

Also in this more constrained case the SM point c gg = c 77 = c^ 7 = has Xsu ~ Xmin = 2-6, 
and thus provides a perfect fit to the data. Once the degeneracy with c t is removed, the 
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constraints on c gg are at the level 10~ 3 , much as the constraints on c 77 . The remaining NLO 
coupling cz~, is less constrained, at the level of fewxlCT 2 , because, for the time being, the 
decay h — > Z'-f is not observed. When setting the la errors in Eq. (5.2) we ignored other 
degenerate minima of x 2 away from the SM-like minimum; we comment on them below. 

In Fig. 2 we also show two sections of the loop-inspired parameter subspace. In the left 
panel of Fig. 2, we vary c gg and c 77 , while the least constrained coupling c^ 7 is set to zero 
for simplicity. In this case, the EW precision observables have little relevance, as they do 
not depend on c gg at one loop, while the Higgs constraints on c 77 are far more stringent. If 
the NLO couplings are induced by a loop of a single new particle with charge Q and color 
representation r then it follows c 77 = ^~ c 99- ^ or exam pl e > a fermionic or bosonic 

particle in the same color representation as SM quarks has C^r) = 1/2 and d(r) = 3. In 
Fig. 2 we display the trajectories corresponding to the top partner (Q = 2/3, e.g. stop in 
SUSY), bottom partner (Q = 1/3, e.g. sbottom SUSY), and exotic Q = 5/3 quarks. The 
position on the trajectory depends on the mass of the new particle and its couplings to the 
Higgs, which are arbitrary (up to model-dependent collider and vacuum stability constraints). 
The SM-like best-fit region the upper one; it contains the SM point c gg = c 77 = within 
lcr of the best-fit point. The other best-fit region at the bottom involves fine-tuning in the 
sense that a relatively large c gg conspires with the loop contributions proportional to the LO 
coupling Ct such that the predicted gg — >■ h rate accidentally falls close to the SM one. There 
are two other fine-tuned best-fit regions centered at negative c 77 that are not displayed in 
the plot. All four best-fit regions have the same \ 2 at the minimum. 

In the right panel of Fig. 2 we vary c 77 and c^ 7 and set c gg = 0, which is relevant for 
integrating out colorless particles. The constraints on c^ 7 from EW precision observables 
and from Higgs data are competitive. In contrast to the previous case, there are only 2 
best-fit regions due the fact there's currently no evidence of the h — > Z'-f decay. The h — > Z'-f 
rate relative to the SM can be enhanced by a factor of a few, but it could also be suppressed; 
the Higgs and EW data show no strong preference for either of these possibilities. We also 
show the contours of WH associated production cross section relative to the SM one. An 
enhancement up to 40% of WH and ZH production due to NLO Higgs couplings is still 
perfectly consistent with the current data. Besides, the relative change of the WH and ZH 
production cross section can be different by up to 5%, even though custodial symmetry is 
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preserved. 
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Figure 2: Left: The 68% (darker green) and 95% (lighter green) CL best fit regions in the c 77 -c_, g section of 
the parameter space. The straight lines correspond to a 1-loop contribution from a quark of electric charge 
1/3 (dashed orange), 2/3 (dotted red), and 5/3 (dash-dotted purple). Right: the same for the c 77 -cz 7 section 
of parameter space. We also show the contours of /t_j 7 (dashed red), and ctwh/^wh (dotted blue). The 
yellow regions are fits without the EW data. 



5.3 Composite Higgs 

Here we present the results of the 2-parameter fit under the assumption that all the Higgs 
couplings to fermions take a common value Ct — Q, = c r = c/. The other free parameter 
in this model is the LO Higgs coupling to W and Z bosons cy. The NLO couplings in 
the effective Higgs Lagrangian are all set to zero. This subspace of the parameter space is 
inspired by the physics of composite Higgs where a light Higgs boson arises as a pseudo- 
Goldstone boson of a spontaneously broken approximate global symmetry in a strongly 
interacting sector [34]. In this class of models, the Higgs coupling to W and Z is suppressed 
as cy = \/l — e 2 where e = v / f and / is called the compositeness scale, or the decay constant 
of the pseudo-Goldstone boson Higgs. The coupling to fermions also depends on the scale 
/ in a model dependent way, in particular, on the representations of the SM fermions under 
the global symmetry group of the strongly interacting sector. For example, for the class of 
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models based on the SO (5) global symmetry broken to SO (4) the fermion couplings take 
the form [35]: 

l + 2m- (l + 2m + n)e 2 . . 

c, = , (5.3) 

where n, m are positive integers. The models with m^fl are already excluded by the data, 
while m = 0, n = corresponds to the MCHM4 model and m — 0, n — 1 to the MCHM5 
model [36]. Finally, the NLO Higgs couplings of the form \H\ 2 V^ V that could give rise to 
non-zero c 77 , c ffff in our effective Lagrangian are expected to be suppressed because they 
violate the shift symmetry of the pseudo-Goldstone boson Higgs. 

The results of the fit are given in the left panel of Fig. 3. The island of good fit for c/ < 
favored by previous Higgs data [2, 3] completely vanishes in the new data. The reason is 
that a large enhancement of the h — > 77 rate is no longer preferred. The preference for 
the SM-like coupling Cf ~ 1 becomes even stronger when EW precision data are included. 
This is true in spite of the fact that the EW observables are not sensitive to Cf at one loop; 
simply, they prefer cy somewhat above 1 which is more consistent with the SM island. In 
the right panel of Fig. 3 we show the bounds on the compositeness scale for a number of 
composite Higgs models based on the SO{h)/ SO{4) coset. We find that the strongest bounds 
still come from EW precision data and, as already pointed out in Ref. [37], they push the 
compositeness scale / at about 1.5 TeV at 95% CL, independently of the specific model. 
Nevertheless, incalculable UV effects could weaken the impact of EW precision data; in this 
case, and taking into account Higgs data only, the bound on / reduces to the more natural 
value / > 700 GeV, with some dependence on the details of the model. 



5.4 2HDM 

Another interesting pattern of couplings is the one where the Higgs couplings to leptons and 
down-type quarks take a common value q = c& = c T which differs from the coupling to 
up-type quarks c u = c t . At the same time, the LO coupling to gauge bosons doesn't deviate 
from the SM, cy = 1, and NLO couplings vanish. Notice that this plane is insensitive to 
bounds from EW precision data. This parametrization is inspired by type-II two-Higgs dou- 
blets models (2HDM), in particular by minimal supersymmetry. Indeed, in supersymmetric 
models, assuming heavy superpartners as presently suggested by experiments, the peculiar 
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Figure 3: Left: The 68% (darker green) and 95% (lighter green) CL best fit regions in the cy-Cf parameter 
space. The yellow regions are fits without the EW data. The color bands are the la regions preferred by 
the Higgs data in the 77 (purple), WW (blue), ZZ (red), tt (brown), and bb (mauve) channels. Right: Fit 
to the parameter e = v/f in sample composite Higgs models with (black) and without (gray) including EW 
precision data. The different lines correspond to the SO(5)/SO(A) coset and fermionic representations with 
m = and n — (solid), n = \ (dashed) and n = 2 (dot-dashed)." 

two Higgs doublets structure of the scalar sector makes it possible to induce significant mod- 
ifications of the LO Higgs couplings to fermions, with very small modifications to cy and the 
NLO Higgs coupling. The form of these deviations is well-known, and in the limit where the 
remaining scalars in the Higgs sector are heavier m# > v / v2 and can be integrated away, 
they reduce to [38, 39], 

v 2 v 2 
c br « 1 — 5 tan (3 — =- , c t ~l + 5cot/3 — 5- , (5.4) 
m H m H 

where tan /3 > 1 and 5 depends on the underlying physics that contributes to the Higgs mass 
(for instance 5 > in the MSSM and in models with additional D-terms, while S < in 
the NMSSM) [39]. Corrections to cy arise at higher order in the v/tuh expansion and are 
typically very small. 

We show the fit to q, and c t in Fig. 4. SUSY models imply deviations which lie in the 
upper-left or lower-right quadrant unless scalar singlets mix with the Higgs. The best-fit 
region at negative q preferred in the previous fits [38, 39] is now only marginally allowed 
after including the latest CMS results in the 77 channel [4]. 
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Figure 4: Left: The 68% (darker green) and 95% (lighter green) CL best fit regions in the 
Cf-Cf) = c T parameter space. The color bands are the la regions preferred by the Higgs data 
in the 77 (purple), VV (blue), rr (brown), and bb (mauve) channels. 

5.5 Invisible Width 

In the last of our studies we are going beyond our effective Lagrangian and allow Higgs 

decays to invisible particles. Searches for such decays are strongly motivated by the so-called 

Higgs portal models of dark matter (see Ref. [40] for a natural realization of this scenario). 

Furthermore, given the small Higgs width in the SM, T^sm ~ 10~ 5 m^, a significant invisible 

width r^ inv ~ r# SM may easily arise even from small couplings of the Higgs to weakly 

interacting new physics. In supersymmetric models where the Higgs is the superpartner of 

a slepton [41], there could be invisible decays into neutrinos and gravitinos. 

If the Higgs couplings to the SM matter take the SM values, then the invisible width 

leads to a universal reduction of the rates in all visible channels. This possibility is already 

quite constrained, given that we do see the Higgs produced with roughly the SM rate. The 

left panel of Fig. 5 shows A% 2 as a function of the invisible branching fraction: Br inv > 22% 

is excluded at 95% CL. 5 This bound can be relaxed if new physics modifies also the Higgs 

5 Simply combining the overall Higgs signal strengths quoted by ATLAS fi = 1.30 ± 0.20 [16], CMS 
H = 0.80 ± 0.14 [8], and Tevatron (j, = 1.44±g;|| [33] one obtains the bound Br inv > 23.6% at 95% CL, fairly 
close to the result of our fit. 
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couplings such that the Higgs production cross section is enhanced. An example of such 
set-up is plotted in the right panel of Fig. 5, where we show the allowed region assuming the 
invisible Higgs branching fraction and, simultaneously, a non-zero NLO coupling to gluons. 
Even in this more general case Bri nv larger than ~ 50% is excluded at 95% CL. The indirect 
limits on the invisible width are in most cases much stronger than the direct ones from the 
ATLAS Z + h — > inv. search and from monojet searches. 




Figure 5: Left: x 2 ~ Xmin °f nt f° r tne Higgs with the SM-size couplings to the SM matter and an 
invisible branching fraction to hidden sector new physics states. Right: 68% CL (light green) and 95% CL 
(dark green) best fit regions to the combined LHC Higgs data in a model where the Higgs invisible branching 
fraction and the NLO coupling to gluons c gg can be simultaneously varied. The color bands are the la regions 
preferred by the Higgs data in the 77 (purple), VV (blue), tt (brown), and bb (mauve) channels. The meshed 
regions are excluded by direct probes of the invisible Higgs width: the ATLAS Z + h —> inv. search (red) 
[42], and monojet constraints (black) derived in [43] using the CMS monojet search [44]. 

6 Conclusions 

In this paper we updated the experimental constraints on the parameters of the Higgs effec- 
tive Lagrangian. We combined the most recent LHC Higgs data in all available channels with 
the electroweak precision observables from SLC, LEP-1, LEP-2, and the Tevatron. Overall, 
the data are perfectly consistent with the 126 GeV particle discovered at the LHC being 
the SM Higgs boson. A slight tension with the SM and a preference for negative Yukawa 
couplings found in previous Higgs fits goes away after including the latest CMS data in 
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the h — > 77 channel. The leading order Higgs couplings to the SM matter in Eq. (2.2) 
are well constrained, especially the coupling cy to W and Z bosons which is constrained 
by a combination of Higgs and EW data to be within 10% of the SM value at 95% CL. 
The corollary is that the new particle is a Higgs boson: it couples to the mass of the W 
and Z bosons, therefore it plays a role in electroweak symmetry breaking. This statement 
is independent of the size of possible higher-order Higgs couplings to W and Z (that play 
no role in electroweak symmetry breaking). Higher-order (2-derivative) couplings in the ef- 
fective Lagrangian Eq. (2.3) are also well constrained by a combination of Higgs data and 
electroweak precision tests. The couplings c 77 and c gg to photons and gluons are constrained 
by Higgs data at the level of 10 -3 (although some degeneracy between c gg andc t persists for 
the time being, lacking stringent constraints on the ttH production mode). The coupling c^ 7 
is less constrained, at the level of fewxlO -2 , by the combination of Higgs and electroweak 
data. Other 2-derivative Higgs couplings to gauge bosons must either vanish or be tightly 
correlated with c 77 c^ 7 , barring large fine-tuning of electroweak precision observables. 
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A SILSH - Strongly Interacting Light Singlet Higgs 

In this section we present the Lagrangian, parametrizing all relevant interactions between 
a scalar gauge singlet h and a pair of gauge bosons, in a basis where gauge invariance is 
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manifest (but non-linearly realized) . We then show how this relates to the phenomenological 
Lagrangian of Eqs. (2.2,2.3) and to the conditions Eq. (2.4) and classify the operators ac- 
cording to their expected size in a wide class of theories, in the spirit of Ref. [18]. While the 
latter discusses a strongly interacting light Higgs doublet (SILH), their arguments, which we 
follow closely in what follows, are useful also in the weakly coupled regime [45] . 

The goldstone boson matrix U = exp^j-r 7 /v) has well defined transformation properties 
under SU(2)l x U(1)y, with Ql = exp(i<x,T ? /2) and Qr = exp(zayr 3 /2), 

U -> U' = Q L UQ R , (A.l) 

and is the building-block for the Lagrangian with broken (non-linearly realized) EW sym- 
metry. Furthermore, 

V^ = {D^U)U\ W^ = d»W u -d„W^-g[W^W u ], and T = Ur 3 U\ (A.2) 
transform as adjoints of SU(2)l and singlets of U (l)y, where D^JJ = d '^U ' — g lW \JJ + gyU B M 



and Wu = —^W®r a , Bu = — ^BuT 3 . The most general Lagrangian describing gauge bosons 



and h can be written as an expansion in 



(S 



T 9hh Vf, Vf, g L W^ gyB^ 

A ' A ' A ' A 2 ' A 2 ' 1 ] 

where B^ u is the usual U(l)y field-strength tensor, the covariant derivative and gh is 
the coupling of h to the sector responsible to generate the corresponding term in the La- 
grangian. In composite Higgs models, where h arises as a resonance from a strong sector 
whose dynamics breaks the EW symmetry, we expect g^v ~ A (for simplicity we shall assume 
ghv/A = 1 in what follows, while we remark that the most general case can be obtained by 
accompanying each insertion of h with a factor g^v/A). 

We are interested in operators up to dimension 5, involving two gauge bosons and one 
scalar h, as these affect both EW precision tests and the h decay widths. At leading order 
in the derivative expansion, the only terms are 



1 = -h^Tr(V^), Of = h^Tr(TV^Tr(TV) (A.4) 



6 Since h is a singlet, interactions involving h always imply coupling with a SM singlet operator involving 
gauge bosons. These have been classified in Ref. [47] (Ref. [46]) for the custodial preserving (breaking) case; 
see also Ref. [49]. 
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and contribute as cy = c\ in Eq. (2.2), where we denote in general by q the coefficient 
of operator 0{ in the Lagrangian. Of breaks custodial symmetry even in the gy — > 
limit and is absent in Eq. (2.2). It is instructive to compare Eq. (A. 4) with the analogous 
results of Ref. [18], which makes the additional assumption that h is part of an SU(2)l 
doublet that breaks the EW symmetry: we find the contribution to the above operators 
to be ci = ch(v 2 / f 2 ) and cf = ct{v 2 / f 2 ), where cb,t are the coefficients of the operators 
O h = (d ll (WH)) 2 /{2f 2 ) and O t = (H^H) 2 /(2f 2 ), with / = A/g h . Notice that, although 
the two contributions coincide in the limit / — > v , in realistic theories one finds / 3> v . 

At the next order in the derivative expansion we have several contributions, which we 
classify accordingly to their expected size. The operators 7 

A z v A z v 

Of = -g L ~Tr[T{V^nWTV v ) (A.6) 

can arise at tree level mediated by a vector with mass A and the appropriate quantum num- 
bers [48]. They generate structures like (h/v)Z u (d^Z^), (h/v)Z u (d^ u ), (h/v)W±(d^W T ^ u ), 
already neglected in Eq. (2.3) based on phenomenological arguments. Indeed, the opera- 
tor 2 induces quadratic divergences in the S-parameter, while the operators 0% and C 3 
induce power divergences in the T-parameter. Notice, furthermore, that 0% does not for- 
mally break custodial invariance (Of does), as it vanishes in the limit gy — > and his 
smallness cannot be directly attributed to custodial symmetry. So, from a phenomeno- 
logical point of view, all these operators are expected to be vanishingly small, as we as- 
sume in Eq. (2.3). If h comes from a Higgs doublet, we find the following contributions 
to the operators of Eq. (A.6): c 2 = cw and C3 = cb, where cw,b are the coefficients of 
O w = (W(2A 2 )) (#V*£fo) (D^L^Y and O b = (W(2A 2 )) (h^9h) (PB^) defined 
in Ref. [18]. 

' Other combinations can be eliminated using the identity 

V»V V - VvVy. = -g L W MV - ^B^T + [V M V v ] . (A.5) 

In particular Tr[T(V IM W^ l ')V v ] is a linear combination of O2, Cf and terms with more than two gauge 
bosons. 
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The operators 

lb7l z V lu7T V l07T^ V 

n 2 h 

Of = -^—-Tr(TW^)Ti(TW» u ) (A.7) 



are instead expected to arise at the loop level in minimally coupled theories (i.e. the- 
ories where gauge bosons couple only through covariant derivatives [18, 48, 45]). These 
appear in the phenomenological Lagrangian Eq. (2.2) as c 77 = e 2 (2c 4 — 4c 5 )/167r 2 and 
cz-y = ^(caQlI ' 9y + C59y I ' 9l) /167T 2 , while the custodial protecting conditions Eq. (2.4) corre- 
spond to the vanishing of Oq and Of (notice that the gauge-invariant operators reproduced 
by the sum rules Eq. (2.4) are those that preserve the custodial symmetry even in the 
jv^O limit). A Higgs doublet would contribute to these operators as c 4 = —CHw(v 2 /f 2 ), 
c 5 — ( c 7 — chb/4:)(v 2 / f 2 ) and cq = chbv 2 / (2f 2 ) where cuw,hb^ are the coefficients of the 
operators [18] 

Ohw =j^p(D»Hya\D»H)L^, O hb = ^{D^{D V H)B^ 

O, = ^pWHB, p B^. (A.8) 

Notice that, if the Higgs doublet arises as a pseudo Nambu-Goldstone boson of a strongly 
interacting sector [34], then C 7 is further suppressed by ~ g 2 '/g 2 , implying a smaller c 77 in 
Eq. (2.3). 

Finally the operators 

7 = —TrUPMiV'V'')] , O i = ~Tr[{l>'V i y v )V' t )], (A.9) 

Of = j^-Tr[{TD,y v ){TD' i V)] , Of = ^-Tr[T(X?^ t K)]Tr(T^) , 

complete our list 8 . These terms are in principle expected to be larger than the ones in 

Eq. (A.7), coinciding only in the limit ~ A/v — > Air. Nevertheless it is interesting to 

note that, if h is part of an SU(2)l doublet and if we assume that the sector responsible for 

generating these couplings only involves particles with spin < 1, then contribution to these 

terms do not arise at dimension 6, but rather at dimension 8 and are therefore suppressed by 

8 The operator (h/v)Tr[T(T> ti V >J ')]'Tr[T(T> l ,V 1 ')] and his custodial breaking analogue, have no influence on 
EW precision parameters, nor on the Higgs decay widths. 
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further powers of ghv/A = v/f which is are generally small [18]. This is also what is expected 
from a phenomenological point of view (they generate structures like (h/v)d fJi Z u d u Z fl ), since 
they contribute to the EW precision observables via quadratic divergences. 

In summary, we have listed four classes of interactions between two gauge bosons and a 
singlet scalar: the leading ones Eq. (A. 4) in the derivative expansion are expected to have the 
bigger effect; among the subleading ones, Eq. (A. 6) can arise at tree-level, while Eq. (A. 7) 
arise typically at loop-level and Eq. (A. 9) arise only at dimension 8 in models where h is 
part of a doublet. 

In our phenomenological analysis we have kept only the leading interactions and the ones 
that arise at loop-level, as the ones of Eqs. (A. 6, A. 9) induce power-divergences in the EW 
parameters. At first sight it is unpleasant that the operators that are supposed to be larger 
from an Naive Dimensional Analysis point of view (that is, 02,3), are neglected in favor 
of 04,5, which are expected to arise only at the loop level. This however could have been 
expected if we take into account the fact that, since h is a singlet, the existence of 02,3 
implies in principle the existence of operators Tr[T \T> '^W ^ U )V V ] and d ll B tlvr ET(TV v \ which 
contribute at tree level to the EW precision parameters and are forced to be small. We are 
therefore assuming that the same dynamical mechanism that forbids tree-level effects, also 
accounts for the suppression of /i-loop mediated effects. 

B Oblique Parameters 

The term oblique corrections refers to modifications of the propagators of the electroweak 
gauge bosons. In many models beyond the SM the largest new contributions to physical 
observables enter via the oblique corrections (for a more general approach to electroweak 
data, see [50]). Let us define an expansion of the 2-point functions in powers of p 2 , where p 
is the 4-momentum flowing through the diagram: 

M(v h „ v 2 , u ) = %v (<V 2 + ngVy + n£V + ...)+ ViiVv (...) (b.i) 

where Vi = 1, 2, 3, B label the SU (2)lxU (l)y gauge bosons on the external lines. Two-point 
functions are not directly measurable, but certain combinations of U.y 1 v2 affect measurable 
quantities. Up to order p 2 the physical combinations are the 3 Peskin-Takeuchi oblique 
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parameters [51] defined as 

«s = -4-&ng, ar ^ n " -^°' , «tr= A (*ng> -*□§). (b. 2) 

where 511 denotes a shift of the corresponding 2-point function from the SM value, and the 
fine-structure constant a ~ 1/137 is used for normalization. At order p 4 one can define 
further oblique parameters [22]. 9 

aV = m 2 w (511$ - 6U ( ^ , aW = -m 2 w 5U { ^ , aX = -m 2 w 8Tlfl, aY = -m 2 w 5Hf B . 

(B.3) 

LEP-1 and SLC measurements on the Z resonance constrain two linear combinations of the 
2 point-functions, and the W mass measurement constrains another. Thus, by itself, the 
above measurement can constrain only three obliques parameters, e.g. S, T and U, which 
explains the origin of the Peskin-Takeuchi parametrization. Adding the constraints from 
off-Z-pole measurements in LEP-2 allows one to put meaningful limits on V, W, X, and Y 
as well. Out of these seven oblique parameters four are singled out because, assuming the 
Higgs field is an SU{2) L doublet H, they correspond to dimension-6 operators beyond the 
SM. The mapping is 

_ aS{gl + g Y ) , a 2aT f 2 aW 2 aY 2 

(B.4) 

whereas U, V, X correspond to operators of dimension 8 and higher. For this reason, typical 
new physics models affect S, T, W, Y in the first place. Combining the EW observables 
listed in Table 1 for U = V = X = we obtain the following constraints: 

S = 0.05 ±0.18, T = 0.09 ±0.09, W = -0.02 ± 0.09, Y = 0.00 ± 0.. 21 . (B.5) 

Moreover, setting also W = Y = we find in S = 0.05 ± 0.09, T = 0.09 ± 0.07, in agreement 
with the Gfitter result [27] (for a fit to S and T alone the LEP-2 constraints, not included 
by Gfitter, are not important). 

9 Compared to Ref. [22] we rescaled these parameters by a so as to put them numerically on equal footing 
with S, T, U. 
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